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Abstract  21 
Inferring object orientation in the surroundings heavily depends on our internal sense of direction 22 
of gravity. Previous research showed that this sense is based on the integration of multiple 23 
information sources, including visual, vestibular (otolithic) and somatosensory signals. The 24 
individual noise characteristics and contributions of these sensors can be studied using spatial 25 
orientation tasks, such as the subjective visual vertical (SVV) task. A recent study reported that 26 
patients with complete bilateral vestibular loss perform similar as healthy controls on these tasks, 27 
from which it was conjectured that the noise levels of both otoliths and body somatosensors are 28 
roll-tilt dependent. Here, we tested this hypothesis in ten healthy human subjects by roll-tilting 29 
the head relative to the body to dissociate tilt-angle dependencies of otolith and somatosensory 30 
noise. Using a psychometric approach, we measured the perceived orientation, and its variability, 31 
of a briefly flashed line relative to the gravitational vertical (SVV). Measurements were taken at 32 
multiple body-in-space orientations (-90 to 90deg, steps of 30deg) and head-on-body roll-tilts 33 
(30deg left-ear-down, aligned, 30deg right-ear-down). Results showed that verticality perception 34 
is processed in a head-in-space reference frame, with a systematic SVV error that increased with 35 
larger head-in-space orientations. Variability patterns indicated a larger contribution of the 36 
otolith organs around upright and a more substantial contribution of the body somatosensors at 37 
larger body-in-space roll-tilts. Simulations show that these findings are consistent with a 38 
statistical model that involves tilt-dependent noise levels of both otolith and somatosensory 39 
signals, confirming dynamic shifts in the weights of sensory inputs with tilt angle.  40 
 41 
 42 
 43 
New and Noteworthy 44 
In this study, we combine different head-on-body tilt angles with psychophysics to adequately 45 
assess the different sensory contributions to the systematic SVV error and response variability. In 46 
addition, we compare behavioural data to Bayesian model simulations of multiple multisensory 47 
optimal integration models. 48 
 49 
Introduction 50 
Inferring the orientation of objects in the surroundings heavily depends on our internal 51 
sense of direction of gravity. One way to test this internal sense is by using the subjective visual 52 
vertical (SVV) task. In this task, subjects are asked to align a visual line with the gravitational 53 
vertical while upright or roll-tilted. Previous studies have shown systematic errors in the 54 
response, which is typically small near upright, may shift away from head-in-space orientation 55 
for intermediate angles (< 60 deg, called E-effect)(Müller, 1916), and can become quite 56 
substantial for larger roll tilts, biased toward the orientation of the head in space (> 60 deg, called 57 
Aubert-effect or A-effect) (Aubert, 1861; Mittelstaedt, 1983; Mast and Jarchow, 1996; Jarchow 58 
and Mast, 1999; Van Beuzekom and Van Gisbergen, 2000; Van Beuzekom et al., 2001; Kaptein 59 
and Van Gisbergen, 2004; Vingerhoets et al., 2008; De Vrijer et al., 2008; Tarnutzer et al., 60 
2009a, 2010; Clemens et al., 2011). It has also been shown that the trial-to-trial variability in the 61 
SVV responses increases with roll tilt (Schone, 1964; Schöne and Haes, 1968; Udo De Haes, 62 
1970; Van Beuzekom et al., 2001; De Vrijer et al., 2008; Tarnutzer et al., 2009a, 2010; Clemens 63 
et al., 2011).  64 
Although the SVV is commonly used in clinical routine to test for purely vestibular 65 
deficits (Brandt and Strupp, 2005), various studies have now shown that this estimate not only 66 
relies on vestibular signals, but also on proprioceptive signals, somatosensory signals and 67 
cognitive biases (Angelaki and Cullen, 2008; De Vrijer et al., 2008; Tarnutzer et al., 2009a, 68 
2010; Clemens et al., 2011). Recently, Clemens et al. (2011) modeled the underlying 69 
computations based on Bayesian inference principles. The structure of their model, shown in 70 
figure 1, involves three stages: sensory input, coordinate transformation, and a signal 71 
combination stage.  72 
[Figure 1 about here] 73 
 74 
At the sensory stage, physical information about the orientations of the head-in-space, 75 
head-on-body and body-in-space is translated into sensory information by the otoliths, neck 76 
proprioceptors, and body somatosensors, respectively. Note that we refer to the sensory 77 
information by single inputs, although each of the three could be a collection of multiple sensory 78 
cues. For example, the body somatosensory cue may consist of signals from the cutaneous 79 
receptors that sense skin pressure and distortion, signals that relate to muscle tension, and/or 80 
interoceptive signals within the body (Mittelstaedt, 1995, 1996).  81 
According to the Clemens et al. (2011) model, the head-in-space signal is not only 82 
measured directly by the otoliths, but it is also derived indirectly by combining head-on-body 83 
with body-in-space signals, which is performed at the coordinate transformation stage. 84 
Furthermore, through experience, the brain builds up an internal estimate about the head-in-space 85 
orientation, which is reflected by the prior in the model. To infer the Bayesian estimate of head-86 
in-space, all these signals are optimally combined by weighting them with their reliability (i.e. 87 
the inverse of their noise level). In the model, noise was assumed constant for the body and neck 88 
sensors and tilt-dependent for the otoliths (for more details, see the methods section). It has been 89 
shown that this model is able to explain the systematic error and variability of the SVV task in 90 
healthy subjects (Clemens et al., 2011).  91 
However, the assumption of tilt independent body noise was recently challenged. Alberts 92 
et al (2015) tested patients with complete loss of bilateral peripheral-vestibular function. Despite 93 
absent vestibular sensory input, they observed a roll-angle dependent modulation of trial-to-trial 94 
SVV variability. To account for this finding, they suggested an extension to the model by 95 
Clemens et al. (2011): the noise term on the body somatosensors should be tilt-dependent rather 96 
than constant, similar to the assumption made for the otoliths (see figure 1).  97 
 Here, we tested whether tilt-dependent body somatosensors are a valid extension to the 98 
model. To this end we dissociate head-in-space and body-in-space orientations by manipulating 99 
head-on-body orientations. This manipulation capitalizes on the tilt-dependency of the noise in 100 
the head and body sensors, predicting different estimates of head-in-space when the body is roll-101 
tilted. Note that the original Clemens et al. (2011) model did not include this provision because it 102 
was based on data collected with the reference frames of head and body sensors aligned, making 103 
it ambiguous as to whether the otoliths or body somatosensors should be modeled with tilt-104 
dependent noise. 105 
Two previous studies (Guerraz et al., 1998; Tarnutzer et al., 2010) already tested the SVV 106 
with dissociated head and body orientations, showing that head-based graviceptive signals 107 
provide the predominant input for internal estimates of the SVV. Neither of these studies, 108 
however, assessed the responses psychometrically, which is a requirement to put the model to the 109 
test and determine how the individual sensory systems are weighted in the SVV. In the present 110 
study, we therefore measure the SVV psychometrically at multiple body-in-space orientations 111 
(90deg counter clockwise (CCW) to 90deg clockwise (CW) roll tilt in steps of 30deg) and 112 
multiple head-on-body orientations (30deg left-ear-down (LED) head-on-body tilt, aligned, and 113 
30 deg right ear down (RED) head-on-body tilt, see top of figure 2), allowing for a dissociation 114 
of vestibular and somatosensory contributions to vertical perception. To test whether the tilt-115 
dependent body somatosensors is a valid extension, we further compare subjects’ performance 116 
with the predictions of the Bayesian optimal integration model including the tilt-dependent body 117 
somatosensory extension (figure 1B, more detail in methods section).  118 
 119 
Materials and Methods  120 
Subjects 121 
Ten healthy human subjects participated in the study (7 male and 3 female, aged 32 ± 9 122 
years). Four subjects were familiar with the experimental protocol. All subjects provided written 123 
informed consent after receiving explanation of the experimental procedure. Experimental 124 
procedures were approved by the local ethics committee (cantonal ethics committee Zurich, 125 
KEK-ZH-2014-0428) and adhered to the 2013 Declaration of Helsinki for research involving 126 
human subjects. Subjects were free of any known neurological disorders and had normal or 127 
corrected-to-normal visual acuity. Normal peripheral vestibular function was confirmed by 128 
video-head-impulse testing of all six semicircular canals and ocular/cervical vestibular-evoked 129 
myogenic potentials.  130 
 131 
Setup 132 
Subjects were tilted in the roll plane using a computer-controlled turntable with three 133 
motor-driven axes (prototype built by Acutronic, Bubikon, Switzerland). Participants were 134 
restrained to the seat using a four-point safety belt; a horizontal bar restrained movements of the 135 
legs. Subject-specific seat adjustments ensured that the center of rotation was aligned with 136 
subjects’ intersection of the interaural and naso-occipital axis during whole-body roll tilt. The 137 
head was kept in the correct position using a thermoplastic mask tightly covering the head. In 138 
order to minimize changes in body configuration, vacuum cushions were positioned on both 139 
sides of the upper body and the upper legs, and one cushion between the legs. A luminous line 140 
(angular subtense 9.5 deg) with a bright dot at the end was projected onto the center of a sphere 141 
mounted 1.5 m in front of the subject. The center of rotation of the luminous line was aligned 142 
with the center of rotation of the turntable.  143 
 144 
Experimental paradigm 145 
The SVV was tested at seven different body-in-space orientations, ranging from -90 deg 146 
to 90 deg at 30 deg intervals, in three head-on-body tilt conditions (-30 deg LED, aligned, or 30 147 
deg RED, see figure 2). Each experimental run started with the onset of a fixation dot in the 148 
center of rotation of the luminous line. Next, the subject was rotated from upright to a randomly 149 
chosen roll angle at a constant acceleration and deceleration of the turntable of 10 deg/s2. This 150 
value is a compromise between keeping repositioning time as short as possible and being 151 
comfortable for the subject. To overcome any lingering effect of semicircular canal stimulation 152 
on the SVV (Jaggi-Schwarz and Hess, 2003; Pavlou et al., 2003) and hence exclude postrotatory 153 
torsional nystagmus influences (Tarnutzer et al., 2009b), we introduced a 10s waiting period 154 
after subjects reached a given roll angle. Subsequently, an auditory cue indicated the onset of a 155 
briefly flashed (30 ms) luminous line. Subjects used two buttons (left, L and right, R) to indicate 156 
whether the orientation of the luminous line was clockwise (CW) or counterclockwise (CCW) of 157 
the perceived vertical. Line orientations were selected randomly from a set of 11 line 158 
orientations, centered on a literature-based coarse estimate of the subjects’ perceived vertical for 159 
that particular roll-angle (head-in-space systematic SVV error estimates from Clemens et al. 160 
(2011): 0° for upright and ± 30deg head-in-space orientations, ±5° in the direction of head tilt at 161 
±60°, ±15° in the direction of head tilt at ±90° and ±30° in the direction of head tilt at ±120° 162 
head-in-space orientation). We used line orientation intervals of 3 deg, except when the body 163 
was upright (2 deg) since subjects are less variable when seated upright (Tarnutzer et al., 2010; 164 
Clemens et al., 2011). After all 11 line orientations were tested, the subject was rotated to a new 165 
pseudo-randomly drawn roll angle and the above procedure was repeated. The subject returned 166 
to the upright orientation when ten roll angles of the body had been addressed. Room lights were 167 
turned on, and head-on-body roll-tilt was checked with an angle meter (accuracy 0.01°). Each 168 
roll angle was tested ten times, yielding 110 responses for the corresponding psychometric curve. 169 
In total, seven runs of ten roll angles accounted for one head-on-body condition with 7 different 170 
body-in-space orientations. Data of the three head-on-body conditions were collected in either 171 
three sessions of 45 minutes or two sessions of 90 minutes. The latter one took longer because a 172 
new thermoplastic mask had to be made within that particular session for a different head-on-173 
body orientation.  174 
One might argue that head-on-body tilt introduces a horizontal and vertical shift of the 175 
nasal-occipital axis from the center of rotation. We performed a control SVV experiment in 176 
which two subjects were tested with the head and body aligned, and the nasal-occipital axis 177 
either aligned with the center of rotation or shifted ±4cm laterally. This value reflects the average 178 
maximum displacement of the nasal-occipital axis when the head is tilted relative to the body. 179 
Subjects were tested at 0 (maximum horizontal displacement) and ±90 (maximum vertical 180 
displacement) degrees roll tilt. Results showed no significant influence of this shift on both the 181 
systematic SVV error (-4cm: t(5) = 0.56, p = 0.60, +4cm: t(5) = 1.83, p = 0.13) and variability (-182 
4cm: t(5) = -1.26, p = 0.26, +4cm: t(5) = 1.91, p = 0.11).  183 
 184 
Data analysis 185 
For every combination of body-in-space and head-in-space orientation, performance was 186 
quantified by fitting a cumulative Gaussian function to the proportion of CW responses relative 187 
to line orientation (Wichmann and Hill, 2001):  188 
 189 
𝑃(𝑥) =  𝜆 + (1 − 2𝜆) 1
𝜎√2𝜋� 𝑒−(𝑦−𝜇)2/2𝜎2𝑑𝑦𝑥−∞  
 190 
in which x represents the line orientation in space, µ the perceived orientation of the gravitational 191 
vertical, and λ the lapse rate, accounting for stimulus-independent errors. The difference between 192 
the perceived, µ, and actual gravitational vertical (which is 0°) is the systematic (SVV) error. 193 
The width of the curve is determined by σ2, which is inversely related to precision, and serves as 194 
a measure of the subjects’ variability in the SVV task. Fits were performed using the MATLAB 195 
routine ‘fminsearch’.  196 
 197 
Optimal integration model 198 
Figure 1A represents the theoretical framework to account for the observed behavior of 199 
subjects. Note that this framework is mainly based on previous work by Clemens et al. (2011), 200 
but contains an extension for the characteristics of somatosensory information. The model 201 
contains three stages of information processing: a sensory input, coordinate transformation and 202 
signal combination stage.  203 
Sensory input: At this stage of information processing, physical information about the 204 
world is translated into sensory signals, denoted by a hat symbol (^). The otoliths sense the 205 
orientation of the head in space (𝐻𝑆�), neck sensors measure the orientation of the head on body 206 
(𝐻𝐵� ), and body somatosensors respond to the orientation of the body in space (𝐵𝑆�). It is assumed 207 
that all sensory signals are unbiased but corrupted with Gaussian noise with variance σ2. This 208 
noise depends on several factors, including age, gender, height, which are all pooled into one 209 
sigma value per sensor. Previous studies suggested that the variance of the otoliths (𝜎𝐻𝑆2 ) (Schöne 210 
and Haes, 1968; Tarnutzer et al., 2009a, 2010) and the body somatosensors (𝜎𝐵𝑆2 ) (Alberts et al., 211 
2015) is tilt-dependent. Based on these observations, we added tilt-dependent noise on the body 212 
somatosensors by allowing the variance in the sensory head-in-space and body-in-space signals 213 
to increase rectilinearly with tilt angle.  214 
 215 
𝜎𝐻𝑆 = 𝛼𝐻𝑆 ∗ |𝐻𝑠| + 𝛽𝐻𝑆 
𝜎𝐵𝑆 = 𝛼𝐵𝑆 ∗ |𝐵𝑠| + 𝛽𝐵𝑆 
 216 
α reflects the proportional increase of noise with roll tilt and β represents the noise at zero 217 
degrees in space. The tilt-dependency of the otolith noise was already incorporated in the 218 
original model proposed by Clemens et al. (2011), but the tilt-dependent noise on the body 219 
somatosensors was not incorporated by this model since it was based on data collected with the 220 
head and body sensors aligned and hence could not distinguish it from tilt-dependent otolith 221 
noise.  222 
 223 
Coordinate transformation: To infer an estimate of the orientation of the head in space, 224 
the brain can use the direct sensory information from the otoliths (𝐻𝑆𝐷� ), or indirect sensory 225 
information by combining the body somatosensory ( 𝐵𝑆� ) and neck ( 𝐻𝐵� ) proprioceptive 226 
information. This indirect pathway involves a coordinate transformation: 𝐻𝑆𝐼�  = 𝐵𝑆� +𝐻𝐵� . Since the 227 
information from the individual sensors was represented by two Gaussian distributions centered 228 
on BS and HB, the indirect pathway is now a Gaussian distribution centered on (BS + HB) with 229 
variance (𝜎𝐵𝑆2  + 𝜎𝐻𝐵2 ).  230 
Signal combination: At this stage, all available information is combined into a 231 
statistically optimal estimate of head orientation in space (𝐻𝑆�). To account for the systematic 232 
SVV errors found at larger roll tilts (> 60deg) we assume that the brain uses prior knowledge that 233 
the head is typically upright (MacNeilage et al., 2007; De Vrijer et al., 2008; Clemens et al., 234 
2011). This prior knowledge is represented by a Gaussian distribution centered on 0° roll tilt 235 
with variance (𝜎𝐻𝑆𝑃2 ). According to the rules of Bayesian inference (Landy et al., 1995; Jacobs, 236 
1999; Ernst and Banks, 2002; Bays and Wolpert, 2007; Clemens et al., 2011) it can be shown 237 
that:  238 
 239 
𝐻𝑆� =  𝑤𝐻𝐷 ∗ 𝐻𝑆𝐷� + 𝑤𝐻𝐼 ∗ 𝐻𝑆𝐼� + 𝑤𝐻𝑃 ∗ 0° 
with 240 
𝑤𝐻𝐷 =  1 𝜎𝐻𝑆2�(1
𝜎𝐻𝑆
2� + 1 (𝜎𝐻𝐵2 + 𝜎𝐵𝑆2 )� + 1 𝜎𝐻𝑆𝑃2� ) 
𝑤𝐻𝐼 = 1 (𝜎𝐻𝐵2 + 𝜎𝐵𝑆2 )�(1
𝜎𝐻𝑆
2� + 1 (𝜎𝐻𝐵2 + 𝜎𝐵𝑆2 )� + 1 𝜎𝐻𝑆𝑃2� ) 
𝑤𝐻𝑃 =  1 𝜎𝐻𝑆𝑃2�(1
𝜎𝐻𝑆
2� + 1 (𝜎𝐻𝐵2 + 𝜎𝐵𝑆2 )� + 1 𝜎𝐻𝑆𝑃2� ) 
 241 
In these equations, wHD, wHI and wHP are the weights (adding up to 1) of the direct, 242 
indirect and prior information pathway. Following the rules of error propagation, we can show 243 
that the variance of the integrated head-in-space estimate becomes: 244 
 245 
𝜎2�𝐻𝑆�� = 𝑤𝐻𝐷2 ∗  𝜎𝐻𝑆2 + 𝑤𝐻𝐼2 ∗ (𝜎𝐻𝐵2 + 𝜎𝐵𝑆2 ) 
 246 
in which the variance contributions of the direct and indirect pathways are represented by their 247 
squared weights (Clemens et al., 2011).  248 
Finally, to compute the orientation of the luminous line in space, the brain needs to 249 
combine the head in space information with eye-in-head information (𝐸𝐻�) and line-relative-to-250 
eye information (𝐿𝐸�). Whereas the latter is assumed to be unbiased, uncompensated ocular 251 
counterroll could cause a systematic SVV error in the eye-in-head information, resulting in E-252 
effects in vertical perception. Previous work (Palla et al., 2006) showed that this can be 253 
represented as: 254 
 255 
𝐸𝐻� = −𝐴𝑂𝐶𝑅 ∗ sin (𝐻𝑆�) 
 256 
in which AOCR denotes the uncompensated ocular counterroll. The systematic SVV error in line 257 
orientation (µ), hence the perceived gravitational vertical, is then calculated by the formula: 258 
 259 
𝜇(𝑆𝑉𝑉) =  (𝐻𝑆 − 𝐻𝑆�) + 𝐸𝐻�  
 260 
The model thus assumes that the SVV task is performed in an eye-in-space reference frame. 261 
However, since both the eye-in-head information as well as the head-in-space information relies 262 
on a head-in-space signal, the model actually assumes a head-in-space reference frame for SVV 263 
processing.  264 
Model simulation 265 
Figure 1B shows a forward simulation (bold lines) of the optimal integration model for 266 
the systematic SVV error and variability in the 30 deg LED (orange), aligned (cyan) and 30 deg 267 
RED (magenta) head-on-body roll-tilt conditions relative to the head-in-space orientation (left 268 
panel) and body-in-space orientation (right panel) of the subject. The simulations are based on 269 
previously measured average values of the prior knowledge, head-on-body and ocular counterroll 270 
parameters of Clemens et al. (2011) (σ2HB, σ
2
HSP, AOCR, first row of table 1) and body-in-space 271 
parameters from Alberts et al. (2015) (αBS, βBS). The head-in-space parameter values (αHS, βHS) 272 
are obtained by retrieving the optimal combination of tilt-dependent head-in-space parameters 273 
and tilt-dependent body-in-space parameters that account for a similar amount of variability in 274 
the aligned condition as the optimal combination of tilt-dependent head-in-space parameters and 275 
constant body-in-space parameters in the restricted model of Clemens et al. (2011) (αHS, βHS and 276 
βBS in the second row of table 1). The shaded areas reflect the spread in model simulations, based 277 
on the variance in the free parameters. In addition to these two models that assume the 278 
integration of direct and indirect pathways, we also simulated a model with only the direct 279 
otoliths pathway, based on the noise values from Clemens et al. (2011) (third row of table 1). 280 
 281 
Table 1. Best-fit parameter values of previous studies used to simulate spatial orientation behavior in the full and 282 
restricted Bayesian optimal integration model 283 
Model αHS (°/°) βHS (°) αBS (°/°) βBS (°) σ2HB (°) σ2HSP (°) AOCR (°) 
Full 0.31±0.06 2.5±1.2 0.045±0.01 4.9±3.1 4.9±2.7 12.5±3.2 14.6±10.2 
Restricted 0.16±0.06 2.4±1.2 x 10.8±3.1 4.9±2.7 12.5±3.2 14.6±10.2 
Reduced 0.16±0.06 2.4±1.2 x x x x x 
  284 
The dashed lines in the systematic SVV error and variability simulations of figure 1B 285 
represent the outcome of the optimal integration of the probability distributions in figure 1A. In 286 
this particular example, the subject was seated upright with the head tilted 30 deg RED on top of 287 
the body.  288 
 289 
Model evaluation 290 
Besides the full optimal integration model with a tilt-dependent noise term for the head-291 
in-space (vestibular) and body-in-space (body somatosensors) signals, we also simulated the 292 
restricted Clemens et al. (2011) model with a constant noise term on the body somatosensors 293 
(parameters are in the second row of table 1). Furthermore, we also simulated a model with only 294 
the direct pathway (reduced model), hence without body and neck contributions, to test whether 295 
the assumption that the indirect pathway contributes to the SVV task. For evaluation of the three 296 
model versions we obtained negative log-likelihoods of each subject showing a goodness of fit of 297 
the model given the data. These were then tested with a likelihood ratio test, quantifying whether 298 
the likelihood of the Bayesian optimal integration model is significantly better explaining the 299 
data than the restricted or reduced model. We also report Bayes factors (BF) to quantify the 300 
increase in effect size of the full model relative to the restricted and reduced model 301 
(Wagenmakers, 2007).  302 
 303 
Results 304 
Psychometric results 305 
Figure 2A shows the SVV performance of a representative subject for the three different 306 
head-on-body tilt conditions. For each head-on-body tilt condition, the probability of a clockwise 307 
(CW) response is plotted as a function of line orientation relative to the gravitational vertical for 308 
some exemplar combinations of head and body-in-space orientation (head-in-space orientations 309 
are denoted by H:, body-in-space orientations are denoted by B:). To obtain quantitative 310 
measures of the systematic SVV error and response variability (i.e. SD), we fit psychometric 311 
curves to the data in each condition. The systematic SVV error is captured by the line orientation 312 
corresponding to 50% probability of a CW response (dashed horizontal lines); the response 313 
variability is captured by the width of the psychometric curve. Note that an increase in head-in-314 
space orientation is accompanied by an increase in systematic SVV error (larger shift from 50% 315 
CW line orientation relative to 0°) in the direction of the orientation of the head. As shown, fitted 316 
curves are steeper when the head is upright (0°), suggesting that the subject is more precise 317 
around upright than when roll tilted.  318 
 319 
[Figure 2 about here] 320 
 321 
Figures 2B and 2C depict the systematic SVV error and response variability as a function 322 
of head-in-space orientation, respectively, based on the psychometric fits to all conditions. Filled 323 
data points represent the measures extracted from the psychometric curves in figure 2A. Results 324 
show that the unsigned error increases with larger head-in-space orientation, confirming the 325 
shifts seen at the psychometric level (figure 2A). Furthermore, systematic SVV error patterns 326 
show no differences for the three different head-on-body tilt conditions.  327 
Response variability, however, demonstrates clear differences for the three different 328 
head-on-body conditions (Figure 2C). When the body and head are aligned (middle panel) the 329 
lowest variability is seen when both are aligned with the gravitational vertical. The subject is 330 
thus most precise in indicating the direction of vertical when seated upright. Variability increases 331 
at larger head-in-space orientations, but levels off from 30° to 90°, consistent with previous 332 
reports (De Vrijer et al., 2008; Clemens et al., 2011). However, when the head and body are, 333 
dissociated (head-on-body, ±30°), variability peaks at 60° roll tilt in the direction of the head-on-334 
body tilt, decreasing again with larger head-in-space orientations.  335 
To distinguish between the contributions of the body and the head in spatial orientation, 336 
these data also need to be represented relative to body-in-space orientation. Figure 3 depicts the 337 
summary statistics (mean and standard error) across the ten subjects, plotted against both head-338 
in-space orientation (left panels) and body-in-space orientation (right panels), generalizing the 339 
observations described in figure 2. The systematic SVV error of the three different head-on-body 340 
conditions overlaps when plotted against head-in-space orientation rather than body-in-space 341 
orientation, indicating that the SVV task is performed in a head-in-space reference frame. This 342 
overlap, however, cannot be seen in the variability plot. At small roll tilts (0° and ± 30°), the 343 
variability data of the three head-on-body tilt conditions seems to overlap when plotted against 344 
head-in-space orientation, whereas at larger roll tilts, the variability data show more overlap 345 
when plotted relative to body-in-space orientation.  346 
 347 
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 349 
Model predictions 350 
 The lines superimposed on the data in figure 3A represent model simulations of the full 351 
Bayesian optimal integration model specified in figure 1A. The shaded area surrounding these 352 
lines illustrates the standard error based on the noise of the various parameters (see table 1). The 353 
mean systematic SVV error across the 10 subjects is clearly captured by the model, whereas the 354 
mean variability overlaps only at small roll tilts. At larger roll tilts the mean variability decreases 355 
again, whereas the model still predicts increasing variability.  356 
 357 
Model evaluation 358 
 To quantify the goodness of fit of the model given the data, we obtained negative log-359 
likelihood estimates (-logl) by comparing the Bayesian optimal integration model estimates of 360 
systematic SVV error and variability to the responses of the subject (table 2). To test whether the 361 
models’ assumption of an increase in body somatosensory noise with body tilt angle is 362 
warranted, we compared its performance with a restricted model, which contained a constant 363 
noise level on the body somatosensors. A likelihood ratio test of the two models (with one 364 
degree of freedom difference, which corrects for the additional parameter αBS in the full model 365 
relative to the restricted model ) resulted in the full model outperforming the restricted model in 366 
nine out of ten subjects (** p< 0.05, * p < 0.001). We also tested whether inclusion of the 367 
indirect pathways in the model makes a significant contribution to the SVV. A likelihood ratio 368 
test of the full model versus this model (with three degrees of freedom difference) resulted in a 369 
significantly better account of the full model for all subjects (p < 0.001).  370 
Table 2. Model evaluation by means of the negative log-likelihood and Bayes factors (BF) 371 
Direct + indirect pathway Only direct pathway 
Subject -logl full 
model 
-logl 
restricted 
model 
BF full 
model vs 
restricted 
model 
-logl 
reduced 
model 
BF full 
model vs 
reduced 
model  
S1 1051.4* 1070.7 >20   
S2 965.1** 967.4 0.2   
S3 732.6* 747.4 >20   
S4 881.3* 972.2 >20   
S5 814.2* 851.8 >20 > 6000 >20 
S6 1333.8* 1419.5 >20   
S7 1102.7* 1154.5 >20   
S8 1253.2* 1277.3 >20   
S9 844.9* 855.8 >20   
S10 971.9 967.2 0   
Mean±SD 995±193 1028±206    
  372 
 Furthermore, we calculated Bayes factors to quantify the increase in effect size between 373 
the proposed full model and the restricted and reduced model. Regarding the strength of 374 
evidence, Bayes factors larger than 20 indicate that the full model is decisive, whereas Bayes 375 
factors smaller than 5 indicate that the difference in models is not important (Jeffreys, 1998). 376 
Table 2 shows that eight out of ten subjects show a decisive increase in data explanation by the 377 
full model.  378 
Sensory weights 379 
 Using the parameter estimates we can compute the variances of the individual sensors for 380 
each condition and roll-tilt angle. Based on these variances we can compute the individual 381 
weights of the various sensors. The larger the noise of a particular parameter, the smaller its 382 
weight will be. The distribution of the vestibular, body somatosensory and prior knowledge 383 
weights against head-in-space orientation is depicted in figure 3B for the different head-on-body 384 
roll-tilt conditions. Parameter values are taken from the full Bayesian optimal integration model 385 
(table 1). Results of the head and body aligned condition show that subjects rely mostly on 386 
vestibular information when they are seated around upright (the weight of the otoliths is near 1). 387 
This contribution declines as the head-in-space orientation increases, whereas sensory weights of 388 
the body somatosensory and prior beliefs increase. With head-on-body tilt, the weight of the 389 
body somatosensory information increases more strongly for orientations in the direction of 390 
head-on-body tilt, decreasing again for larger head-in-space orientations. Note the similarity 391 
between the weight distribution of the body somatosensory noise and the variability patterns of 392 
figure 2, which is illustrative of the significant contribution of body somatosensors in vertical 393 
perception.  394 
 395 
Discussion 396 
In this study, we examined the properties and contributions of vestibular and body 397 
somatosensory information in a subjective vertical (SVV) task. By comparing psychometric 398 
measures of the systematic SVV error and response variability at multiple roll tilt angles, with 399 
the head and the body aligned or dissociated by ±30°, we found that both head-in-space and 400 
body-in-space orientation affect the SVV. A single response emerged for the three head-on-body 401 
conditions when the systematic SVV error was plotted as a function of head-in-space orientation. 402 
This curve, which shows that the systematic SVV error increases with larger head-in-space 403 
orientations, suggests that the SVV is processed in a (task-dependent) reference frame attached 404 
to the orientation of the head in space (figure 3A).  405 
For all three head-on-body conditions, variability in the SVV was lowest when the head 406 
was upright in space, increasing for small roll tilts (< 60°), and decreasing again for larger roll 407 
tilts (> 60°). When the variability data was plotted against head-in-space orientation, the three 408 
head-on-body conditions overlapped for small roll tilts, but when plotted against body-in-space 409 
orientation it overlapped at larger roll tilts. These results indicate a larger contribution of the 410 
head sensors (otoliths) around upright and a more substantial contribution of the body 411 
somatosensors at larger roll tilts. Simulations showed that the data favored a model with tilt-412 
dependent body somatosensory noise over constant noise (table 2), predicting the dynamic shift 413 
from vestibular to somatosensory contribution to spatial orientation with increasing roll tilts 414 
(figure 3B).  415 
 416 
Comparison with previous (modeling) work 417 
 The present findings on systematic SVV errors when the head and body are aligned are 418 
consistent with previous reports regarding spatial orientation (Aubert, 1861; Mittelstaedt, 1983; 419 
Mast and Jarchow, 1996; Jarchow and Mast, 1999; Van Beuzekom and Van Gisbergen, 2000; 420 
Van Beuzekom et al., 2001; Kaptein and Van Gisbergen, 2004; Vingerhoets et al., 2008; De 421 
Vrijer et al., 2008; Tarnutzer et al., 2009a; Clemens et al., 2011). Under the assumption that 422 
sensory signals are accurately calibrated (i.e. unbiased), this suggests, in a Bayesian framework, 423 
that prior knowledge about the head typically being upright drives the estimate of the visual 424 
vertical towards the orientation of the head in space (MacNeilage et al., 2007; De Vrijer et al., 425 
2008; Tarnutzer et al., 2010; Clemens et al., 2011). Observations of the systematic SVV error 426 
when the head and body are dissociated confirm previous work by Guerraz et al. (1998) and 427 
Tarnutzer et al. (2010), who identified the head sensors (otoliths) as the major contributor to the 428 
systematic SVV error, suggesting that the SVV is processed in a head-in-space reference frame. 429 
In support of this notion, we show that model simulations of a statistical optimal integration 430 
model, which assumes that every piece of sensory information is transformed into a head-in-431 
space coordinate system, overlap the data in all three conditions.  432 
The novelty of our psychometric approach concerns an adequate assessment of the 433 
response variability. We show that response variability of individual subjects increases with roll 434 
tilts up to about 60° head-in-space orientation and decreases for larger head-in-space orientations 435 
(figure 3A). It would be interesting, in future work with larger subject samples, to characterize 436 
the individual variation in this behavior to age and gender differences (Barnett-Cowan et al., 437 
2010). 438 
The increase in variability has been reported before (Schöne and Haes, 1968; Udo De 439 
Haes, 1970; Van Beuzekom et al., 2001; De Vrijer et al., 2008; Clemens et al., 2011) and 440 
attributed to an increase in vestibular noise with head-in-space orientation (Schöne and Haes, 441 
1968; Tarnutzer et al., 2009a, 2010; Clemens et al., 2011), due to a non-uniform distribution of 442 
hair cells on the otoliths (Rosenhall, 1972, 1974; Fernandez and Goldberg, 1976; Tarnutzer et al., 443 
2009a). This means that, when the head is roll-tilted in space, fewer hair cells code for that 444 
particular head-in-space orientation, leading to different firing rates (Tarnutzer et al., 2009a). In 445 
the architecture of the model this is captured as a tilt-dependency of the noise of the otoliths. The 446 
same suggestion has also been proposed for other sensory systems (Sober and Körding, 2012). 447 
Along these lines, recent clinical work from our group also suggested tilt-dependent body 448 
somatosensory noise for the estimation of the body-in-space orientation (Alberts et al., 2015). In 449 
this experiment it was shown that patients with complete bilateral vestibular loss had lower 450 
variability in a SVV task when seated upright than when roll-tilted 90°, which can only be 451 
attributed to extra-vestibular cues. Here, we confirm this suggestion by showing that a Bayesian 452 
optimal integration model including tilt-dependent noise on the body somatosensors predicts the 453 
response variability data significantly better than a model assuming constant somatosensory 454 
noise.  455 
 456 
Considerations for the model 457 
Simulations of the model presented in the current paper cannot fully capture the plateau 458 
and even decrease in response variability seen at larger roll-tilts of the head in space (> 60°). 459 
This observation, which has not been consistently reported before (but see Tarnutzer et al., 460 
2009a), would have implications for previous modeling work (Eggert, 1998; MacNeilage et al., 461 
2007; De Vrijer et al., 2008; Tarnutzer et al., 2009a; Clemens et al., 2011), as well as for the 462 
present model (figure 1). Which factors could be considered to account for the plateauing, or 463 
even reduction of response variability at larger head-in-space tilts?  464 
We can rule out that there are artifacts in the control of the vestibular motion platform, 465 
i.e. all tilt angles are equally precisely controlled and adopted. We also consider further cognitive 466 
factors as less relevant. For example, while the current model assumes that the brain has built up 467 
an internal prior that the head is typically upright in space (as during daytime), the head and body 468 
are approximately roll-tilted 90° when lying on the side during night. Expanding the model’s 469 
prior to include this notion, however, would introduce an additional SVV error, which we do not 470 
see in the data. Moreover, such a prior would also introduce systematic errors in the percept of 471 
subjective body tilt, which has not been reported either (Schöne and Haes, 1968; Mittelstaedt, 472 
1983; Mast and Jarchow, 1996; Jarchow and Mast, 1999; Kaptein and Van Gisbergen, 2004; 473 
Clemens et al., 2011).  474 
Perhaps a more tentative factor could relate to the contribution of extra-vestibular cues. In 475 
the present model we captured the tilt-dependency of the body somatosensors by a linear 476 
relationship, which may be an oversimplification. Somatosensory information consists of 477 
multiple cues, including those from the cutaneous receptors that sense the change in the 478 
distribution of pressure on the skin, from muscle tension that is increased, and/or from the 479 
putative visceral receptors in the trunk (Mittelstaedt, 1995, 1996). Early research has shown that 480 
the thresholds to skin vibration decrease with increasing stimulus area (Verrillo, 1966; Makarov 481 
and Matoyan, 1968; Young, 1982). Since the projection of the body weight vector over a larger 482 
area of pressure (the side of the body) gradually increases for larger body-in-space orientations, 483 
one can speculate that the overall noise level could decrease with body-in-space orientation 484 
(figure 4, dot-dashed). If this signal is optimally integrated with other types of body sensors, 485 
whose noise levels increase with body-in-space orientation, overall body somatosensory sensory 486 
noise can become highly non-linear. In support of this notion, non-linear somatosensory noise 487 
patterns have been proposed for upward-downward accelerations (Nesti et al., 2014), as well as 488 
rotational velocities (Mallery et al., 2010).  489 
To further understand the origin of the roll tilt dependent body nose, ideally the present 490 
experiment needs to be repeated in an environment in which a projection of the body weight 491 
vector, i.e. pressure on the body, is absent and the pure contribution of body somatosensory cues 492 
can be assessed. This could for example be done using water immersion and whole body casts 493 
(Anastasopoulos et al., 1999; Trousselard et al., 2003, 2004). On the other hand, it is also worth 494 
mentioning that subjects who actively adopt a laterally-tilted posture, while standing in a dark 495 
room, show similar SVV biases as in the vestibular chair in which body parts are padded and 496 
motion is induced passively (Van Beuzekom et al., 2001).  497 
 498 
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 500 
 501 
Model simulations model vs. fitting  502 
In the present study, we simulated the model based on parameters from existing 503 
literature. With the current set of parameters, the model including tilt-dependent body 504 
somatosensors better explains the data than a model with only roll-tilt dependent otoliths (see BF 505 
in table 2). We did not use the present data set to derive a new set of parameters for two reasons. 506 
First, figure 3B already shows that the contribution of somatosensory signals is highest at larger 507 
roll tilts. This automatically brings along the limitation that we cannot dissociate the two models 508 
at smaller tilt angles, since this would predict a pure vestibular contribution. Ideally, 509 
measurements should therefore be targeted at even larger roll tilt angles, up to 180°). However, 510 
at angles > 130º, (Kaptein and Van Gisbergen, (2004) have shown bimodal response behavior of 511 
the SVV, which would complicate the interpretation of such measurements. Therefore, the model 512 
was specifically intended to capture behaviour for angles up to 130. A second limitation is that 513 
the present study only dissociates the head from the trunk at ±30°, whereas larger dissociations 514 
would be desirable for model fitting, but not comfortable for the subjects. A further solution to 515 
these limitations lies in testing the subjective body tilt task (SBT) with dissociated head and 516 
trunk contributions (Clemens et al., 2011).  517 
In conclusion, we have tested the performance of ten healthy subjects in a psychometric 518 
SVV task with the head and body aligned or dissociated by 30° LED/RED head-on-body tilt. 519 
The resulting systematic errors and variability patterns reflect the different contributions of the 520 
various sensory signals. We verified that our theoretical framework including both tilt-dependent 521 
otolith and body somatosensory noise explains the data better than a framework with only tilt-522 
dependent otolith noise. These findings establish a novel view on vertical perception and should 523 
be taken into account in future research.  524 
 525 
 526 
 527 
 528 
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 626 
Figure legends 627 
Figure 1. A) Schematic representation of the Bayesian optimal integration model. The model 628 
contains three different stages. In the sensory input stage, physical signals are translated to 629 
sensory signals (^) which are assumed to be accurate, but contaminated with Gaussian noise. The 630 
Gaussian noise is assumed to be tilt-angle dependent for both the head-in-space (𝐻𝑆�) signal from 631 
the otoliths and the body-in-space (𝐵𝑆�) signal from the body somatosensors. In the coordinate 632 
transformation stage, the neck proprioceptive signal is used for a reference frame transformation 633 
of the body-in-space signal into an indirect head-in-space signal (𝐻𝑆𝐼�  = 𝐵𝑆�  +𝐻𝐵� ). In order to 634 
derive an optimal estimate of the head-in-space orientation (𝐻𝑆�), the cue combination stage of the 635 
model weights the indirect signal (green pathway) with the direct signal (blue pathway) and prior 636 
knowledge (red pathway) that our head is usually upright (centered around 0°). The relative 637 
contributions of these pathways (𝑤𝐻𝐼 ,𝑤𝐻𝐷 ,  𝑤𝐻𝑃) depend on the Gaussian noise of the underlying 638 
signals. Finally, an optimal estimate of line-in-space is obtained for the SVV-task by combining 639 
𝐻𝑆�  with estimates of the eye-in-head orientation (𝐸𝐻� ) and line-on-eye orientation (𝐿𝐸�). The latter 640 
is assumed to be veridical. Note that the cue combination stage is essentially a multiplication of 641 
the underlying probability distributions, resulting in a posterior head tilt angle distribution. The 642 
individual probability distributions of the sensory signals and the head tilt posterior are based on 643 
the parameters in table 1 for the condition in which the body is upright and the head is tilted 30° 644 
RED. B) Simulations of the Bayesian optimal integration model for the systematic SVV error 645 
and variability (including standard errors, SE), plotted against head-in-space (left panels) and 646 
body-in-space orientations (right panels) in the three different head-on-body tilt conditions: 30° 647 
LED (orange), aligned (cyan) and 30° RED (magenta). Parameter values are based on previous 648 
research by Clemens et al. (2011) and Alberts et al. (2015). The dashed lines in the plots indicate 649 
the 30° RED condition shown by the probability distributions in A).  650 
Figure 2. SVV adjustments in a representative subject for the different head-on-body tilt 651 
conditions. A) Proportion (P) of CW responses plotted against the line orientation relative to the 652 
gravitational vertical for different head-in-space (H) and body-in-space (B) combinations. Solid 653 
lines show the best-fit psychometric curves from which the SVV error (line-in-space orientation 654 
at which P(CW) = 0.5, dashed) and the variability (inversely related to the width of the curve) 655 
are extracted and plotted against head-in-space orientation in B-C. Systematic SVV error and 656 
variability measures from the psychometric curves in A) are plotted as filled symbols and 657 
completed with systematic errors and variability of the remaining combinations of head and 658 
body-in-space orientation (open symbols).  659 
Figure 3. A) Mean systematic SVV error and variability (including one SE) across the 10 660 
subjects are plotted against head-in-space orientation (left panels) and body-in-space orientation 661 
(right panels) for the three different head-on-body tilt conditions. Mean data is superimposed on 662 
the model simulations (including one SE) of figure 1B. B) Sensory weights of the different 663 
sensors plotted against head-in-space orientation for the different head-on-body tilt conditions. 664 
Shaded areas are the variance in the sensory weights, based on the noise in the individual 665 
parameter settings of table 1.  666 
Figure 4. Simulations of the integration of trunk-graviceptive (solid) and cutaneous pressure 667 
sensors (dashed-dot) and the resulting body somatosensory dependent variability (dashed). 668 
Individual parameters are 2.5° + 0.05°/° tilt angle for the trunk graviceptive and 3.5° + 0.03°/° 669 
tilt angle for the cutaneous pressure sensors. The latter is shifted 90°, such that the lowest 670 
variability occurs when subjects lie on the side.  671 
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